The fundamental myocellular uptake and retention mechanisms of hexakis (2-methoxyisobutyl Despite this initial success of Tc-MIBI as a flow tracer, controversy exists from in vivo and in vitro experience over whether Tc-MIBI is a pure flow tracer by virtue of its lipophilicity or whether altered metabolic states of myocardium may influence Tc-MIBI kinetics and net accumulation. For example, prolonged metabolic blockade in cultured heart cells significantly reduces myocellular unidirectional uptake of Tc-MIBI.6 In buffer-perfused rabbit heart,7 ouabain alters cellular retention of Tc-MIBI, whereas preliminary data with hypoxia at slow flow rates has also been shown to inhibit Tc-MIBI transcapillary exchange in blood-perfused rabbit heart.8 In an open-chest dog model, Tc-MIBI significantly underestimated reperfusion flow to necrotic and perinecrotic regions compared with microsphere analysis that suggested that Tc-MIBI net uptake reflected myocardial viability.9 In addition, image disparity between 20Ifl and Tc-MIBI has been reported clinically after lytic therapy.10 Conversely, Tc-MIBI overestimated reperfusion flow to ischemic zones in another open-chest dog model.1' These observations are difficult to reconcile because the fundamental mechanisms of extraction, retention, and washout of Tc-MIBI at the vascular and myocellular levels are not established.
Piwnica-Worms Membrane Potential-Dependent Uptake of Tc-MIBI 1827 mental myocardial analysis also demonstrates more than 80% exact concordance between 'O'Tl and 99`Tc-MIBI images. 5 Despite this initial success of Tc-MIBI as a flow tracer, controversy exists from in vivo and in vitro experience over whether Tc-MIBI is a pure flow tracer by virtue of its lipophilicity or whether altered metabolic states of myocardium may influence Tc-MIBI kinetics and net accumulation. For example, prolonged metabolic blockade in cultured heart cells significantly reduces myocellular unidirectional uptake of Tc-MIBI. 6 In buffer-perfused rabbit heart,7 ouabain alters cellular retention of Tc-MIBI, whereas preliminary data with hypoxia at slow flow rates has also been shown to inhibit Tc-MIBI transcapillary exchange in blood-perfused rabbit heart. 8 In an open-chest dog model, Tc-MIBI significantly underestimated reperfusion flow to necrotic and perinecrotic regions compared with microsphere analysis that suggested that Tc-MIBI net uptake reflected myocardial viability. Previous studies with cultured chick myocardial cells have shown a strong inhibitory effect of prolonged metabolic blockade on Tc-MIBI uptake,6 but the approach did not resolve the fundamental myocellular uptake mechanism. However, preliminary studies in nonmyocardial preparations suggested a potentialdependent uptake mechanism for the agent. 18, 19 Fully characterizing accumulation in a heart preparation, this report presents new data on potential-dependent uptake of Tc-MIBI in embryonic chick ventricular cells in culture with correlative intracellular sodium, potassium, and ATP content determinations to more directly quantify the contribution of both mitochondrial and plasma membrane potentials. Cultured heart cells represent a preparation that allows manipulation of both mitochondrial and plasma membrane potentials in an otherwise physiologically stable tissue. For the evaluation of myocellular membrane transport processes, this model is characterized by a simple extracellular space unencumbered by complications introduced with intact whole heart preparations by interstitial diffusion delays and dependency on tracer delivery by vascular flow.20,2' The data indicated that equilibrium myocellular accumulation of Tc-MIBI was strongly mitochondrial and plasma membrane potential dependent.
Methods

Cell Culture
Monolayers of spontaneously contractile embryonic chick ventricular myocytes were obtained from disaggregated 10-11-day-old chick hearts by slight modification of previously published methods. 22 Briefly, hearts were trimmed of connective tissue and atria, finely minced, and serially exposed to 0.024% (wt/vol) trypsin in Ca2-and Mg2+-free Earle's salt solution for 7 minutes at 37°C. Gentle trituration and agitation on an orbital shaker bath aided disaggregation. Cells released from the first exposure were discarded, and cells aspirated from the next four exposures were then added to an equal volume of trypsin deactivating solution consisting of ice-cold culture medium. Cells were centrifuged at 400g for 10 minutes, resuspended and combined in culture medium, counted with a hemocytometer, and diluted to yield a suspension of 5 x 105 cells/ml. Twelve milliliters of suspension was incubated in 100 -mm plastic culture dishes containing seven coverslips (25 - Methodological control experiments with Tc-MIBI uptakes are shown in Table 1 . Net cellular uptake of Tc-MIBI prepared in normal saline (0.9% NaCl) directly from kit formulations was no different from that of Tc-MIBI prepared by elution with ethanol from a Sep-Pak. Drug carrier alone (dimethylsulfoxide) was without effect on Tc-MIBI net uptake. HCO3-buffered solution minimally reduced net uptake relative to control HEPES-buffered solution. Changing [Ca2+] from 1.2 to 2.8 mM or eliminating H2P04-and SO42-from the buffer was without significant effect. Most cultures were routinely grown in the presence of penicillin and streptomycin; however, one series of cultured preparations grown in antibiotic-free media demonstrated no significant difference in 1-minute Tc-MIBI uptake when assayed in MEBSS. In addition, cell uptake of the anion pertechnetate (TcO4-eluted from a Mo/Tc generator and added to the loading buffer at the specific activity routinely used for Tc-MIBI) was minimally detectable. Absolute net uptake of TcO4-(1.7 fmol/mg protein * nM.) when divided by cell water (6.9 ,ul/mg proteinl8) yields an intracellular-to-extracellular ratio of 0.24. This value is consistent with cellular exclusion of the TcO4-anion by plasma membrane potentials. Cell death induced by freeze thawing the preparations significantly reduced net uptake of Tc-MIBI and was used as one measure of potentialindependent uptake of Tc-MIBI into cellular and membrane fragments.
Ion Content Determinations
After experimental manipulations, monolayer preparations were rinsed three times in ice-cold Na+-free, K'-free rinse solution for 8 seconds each and placed in 35-mm plastic Petri dishes. Ionic contents were extracted by addition of 300 gul 0.75N HNO3 to the dish for at least 60 minutes. Two hundred fifty microliters of extract was removed and diluted with 750 ,ul Acationox (0.02%) in a polystyrene test tube. Protein was then extracted from the debris in the Petri dish with sodium dodecylsulphate and sodium-borate solution as described above. Na+ concentration was determined directly from an aliquot of the ionic extract (K' concentration was determined on an extract further diluted 1 part to 3 parts with Acationox solution) using an atomic absorption spectrophotometer (model 3030, PerkinElmer, Norwalk, Conn.) with appropriate Na+/K' standards and reagent blanks.
ATP Content
In a series of experiments, cell ATP content was assayed fluorometrically by a standard hexokinase reaction26 on cells that had simultaneously been analyzed for Tc-MIBI retention by a method previously described.6 Briefly, after equilibration of cells in Tc-MIBI-containing buffer for 30 Figure 3 ). To estimate potentialindependent Tc-MIBI accumulation, freeze-thawed myocellular preparations were used that yielded results comparable to the residual Tc-MIBI retained in intact heart cells exposed to CCCP ( Figure 1A ). In addition to the rapidity of the response, further evidence that the release of cellular Tc-MIBI by CCCP was mediated directly by depolarization of membrane potentials per se and not by secondary effects on high-energy phosphate metabolism was provided by the simultaneous determination of cell ATP content and Tc-MIBI retention (Figure 4 To further examine the physiological interaction of mitochondrial and plasma membrane potentials on Tc-MIBI uptake, we exposed cells to transport inhibitors and ionophores. Nigericin (5 gug/ml) was added at time 0 minutes to cultured heart cells and caused an increase in plateau (60 minutes) accumulation of Tc-MIBI from 148+13 to 248+±5 fmol/mg protein (60+9% increase) (Figure 8 ). This was consistent with expectations for a nigericin-induced hyperpolarization of Alf. However, ouabain (0.1 mM), a specific inhibitor of the plasma membrane Na+/K+ ATPase known to cause minimal effects on Tc-MIBI 1-minute uptake kinetics,6 increased plateau accumulation of Tc-MIBI when added alone, yet reduced Tc-MIBI net uptake far below control values when added together with nigericin (Table 2 ). This implies that an action of nigericin could additionally have been mediated at the plasma membrane, thereby interacting either directly or indirectly with the electrogenic Na+ pump.
To determine whether loss of Ki ( (Table 2 ) implied a decline in Em, this confirmed that the increase in net uptake of Tc-MIBI must have reflected hyperpolarization of Aif when the Na+ pump was functional.
However, Na+ pump inhibition with ouabain during nigericin-induced K'/H+ exchange (even in the presence of amiloride) caused near-complete inhibition of Tc-MIBI accumulation and reversal of Na1 and KI to nearly extracellular values (Table 2) . Nominally Ca2+-free buffer only partially reversed the inhibition of Tc-MIBI net uptake under these conditions (Table 3 ).
These data suggest that the lack of Tc-MIBI accumulation in the presence of Na+ pump inhibition and nigericin was dominated by the nigericin-induced depletion of Ki, resulting in depolarization of Em rather than Ca2' loading of mitochondria.
Discussion
Lipophilic ions are compounds that in general are sufficiently lipophilic (hydrophobic) to partition into biological membranes and also possess a delocalized charge that imparts the characteristic potentialdependent transmembrane distribution.'2 Detailed theoretical and kinetic models of the individual reactions involved in adsorption, translocation, and desorption across membrane bilayers for hydrophobic ions such as tetraphenylphosphonium and tetraphenylborate have been recently reported.3637 Hexakis (alkylisonitrile) technetium(I) complexes are monovalent cations with a central Tc(I) core octahedrally surrounded by six identical lipophilic ligands coordinated through the isonitrile carbon.1"38 Data from the present study indicate that Tc-MIBI, a clinically promising agent from this class, appears to fortuitously possess the appropriate balance of delocalized charge and hydrophobicity to render the agent a permeant probe responsive to membrane potentials in heart cells.
Effect of Em
The evidence that myocellular uptake of Tc-MIBI was at least plasma membrane potential dependent was derived from potassium-clamping cells. Equalizing Ki and KO by exposing cultured heart cells to 130 mM KO buffer is known to reduce Em to approximately zero32 and predictably decreased Tc-MIBI plateau uptake. Our data indicate that Tc-MIBI unidirectional influx was also decreased by high KO-induced depolarizations. Therefore, one way to estimate plasma membrane potential is to assume that Tc-MIBI influx follows the Goldman flux equation39,40:
J1/J2=X1(1-e )/X2(1 -el) (2) where X is EmF/RT and J1 and J2 are the Tc-MIBI influx rates at Em, and E.2, respectively. Because the plasma membrane potential of cultured chick heart cells is equal to the potassium diffusion potential when KO is 30 mM (Em2 -38 mV),31 then resting membrane potential can be estimated by solving Equation 2 for Em1. The influx data indicated that J1/J2 is equal to 1.80±0.13, which yields an Em1 equal to -87±6 mV. This compares favorably with previous determinations of resting Em in cultured heart cells using direct electrophysiological measurements. 31 Further quantitative analysis of errors produced by any potassium-dependent and potentialdependent membrane adsorption of Tc-MIBI will be required. Nonetheless, Tc-MIBI estimated correctly the plasma membrane potential of cultured cardiac myocytes, thereby supporting the fundamental hypothesis of this study. Effect of A The myocellular data with ionophores indicated that Tc-MIBI was also concentrated within mitochondria in response to mitochondrial Af ( Figure 9 ). Several Other classes of metabolic inhibitors of oxidative phosphorylation also demonstrated effects on net uptake and retention of Tc-MIBI, which were consistent with their known modes of action on mitochondrial Al45 rather than indirect actions on highenergy phosphate metabolism ( Figure 9 ). For example, the mode of action of both NaN3 and rotenone is to block respiratory chain electron transport, which is not expected to produce a rapid decline in Ai (A/i may slowly decrease over time but still be relatively maintained by FIFo ATPase activity).
Indeed, both agents minimally altered Tc-MIBI myocellular retention up to 60 minutes. However, oligomycin, a specific inhibitor of the F1F0 ATP synthase together with electron transport inhibition by NaN3 reduced Tc-MIBI to nearly potential-independent levels as expected. Oligomycin alone increased net uptake of Tc-MIBI, which is consistent with the known action of oligomycin to block proton translo- (Figure 9 ): 1) Nigericin-mediated K'/H+ exchange occurred at the plasma membrane (as well as the mitochondrial inner membrane) to produce a decrease in Ki and cytosolic pH. Secondary activation of the plasma membrane Na+/H+ exchanger, known to be abundant and stimulated by cytosolic acidification in heart cells,34,35 could secondarily increase cytosolic Na+ that would, in turn, stimulate the electrogenic Na' pump to hyperpolarize Em. Ouabain would, therefore, prevent the component of Tc-MIBI net uptake responding to hyperpolarization of Em. 2) Cell Ca21 content could also increase with any substantial rise in Nai (by Na+/Ca2' exchange), and this effect should be enhanced during inhibition of the Na+ pump with ouabain. The net result could be enhanced Ca2' uptake by mitochondria during Na+ pump inhibition that may depolarize At/i because Ca21 uptake by the mitochondrial uniporter is a conductive process. 44 The data best support the loss of Ki (and depolarization of Em) as dominating the effect of ouabain on nigericin-induced enhancement of Tc-MIBI accumulation. Blocking Na+/H+ exchange with amiloride or preventing Ca21 loading of mitochondria with Ca2+-free buffer slightly attenuated, but did not reverse, the strong inhibitory effects of ouabain. However, nigericin-induced K'/H+ exchange across the plasma membrane lead to large losses in Ki only during pump inhibition that appeared to overwhelm any nigericininduced mitochondrial hyperpolarization.
Several other physiological consequences of transport inhibition were also suggested by the data ( Nai+Ki suggested a 13% loss of cell volume in ouabain that, when combined with the K1 data, indicated a depolarization of resting Em from -83 mV to at least -65 mV. Therefore, the large increase in Tc-MIBI accumulation during prolonged ouabain exposure may reflect secondary hyperpolarization of Ai\ under these conditions, although contributions from Em (for example, Ca2+-dependent changes in potassium permeability) cannot be excluded.
Membrane potential-dependent accumulation of Tc-MIBI may explain findings from our previous study regarding the inhibitory effects of metabolic blockade produced by prolonged exposure to the glycolytic inhibitor iodoacetate.6 Heart cells demonstrated the ability up to 60 minutes under metabolic inhibition to maintain 1-minute Tc-MIBI uptake rates despite near-complete depletion of cellular ATP content. However, for times greater than 60 minutes, metabolic blockade did eventually inhibit significantly the unidirectional uptake of Tc-MIBI.
Results from the present study indicate that Em or Ali remained polarized during the first hour of metabolic blockade but declined thereafter. This is consistent with microanalytic and ultrastructural data in this model of cell injury45 as well as the recent finding of delayed anoxia-induced injury in mitochondria. 46 
Implications for Clinical Imaging
The membrane potential-dependent net uptake of Tc-MIBI is time dependent. Previous studies in cultured chick heart and rat myocytes with Tc-MIBI have indicated a t1/2 of 9-15 minutes for net uptake to myocellular equilibrium. This has consequences for clinical imaging. Usual patient protocols for myocardial perfusion imaging involve the intravenous injection of a bolus of 30-45 mCi of Tc-MIBI.5 This produces a transient rise in intravascular and interstitial activity of Tc-MIBI followed by a decline. Blood clearance studies typically show a tl,2 of 2-5 minutes.5 Because net myocellular uptake of Tc-MIBI is time dependent, a bolus of extracellular (interstitial) activity in vivo would only allow a small component of the potentialdependent myocellular net uptake of Tc-MIBI observed in the present study to occur. This situation in vivo would be analogous to only the first 1-3 minutes of the myocellular accumulation curve shown in Figure 1 .
Although no significant potential-independent uptake into myocardial cells was found, such nonspecific binding to the interstitium in vivo cannot be excluded. Therefore, a component of potential-independent binding may still contribute to myocardial localization of the agent during clinical imaging as the transient bolus of blood activity passes through the whole heart. Conversely, this model would predict increased importance of the potential-dependent myocellular component of uptake during constant infusion protocols.
Discovery of the fundamental cellular mechanism of localization of Tc-MIBI may provide a framework for understanding better some observed properties of Tc-MIBI in vivo. For example, Tc-MIBI activity increases linearly for 2 hours in Langendorff-perfused rat hearts during constant infusion of Tc-MIBI, which led previous investigators47 to conclude that the volume of distribution of Tc-MIBI is large. Data from our study equate this large volume of distribution to mitochondrial concentration of the agent. In addition, maintaining elevated blood levels of Tc-MIBI in a dog model by a constant 30-minute infusion results in enhanced Tc-MIBI washout.8 Our data suggest that the washout is from mitochondria and cells previously loaded with Tc-MIBI. The effects of Na+ pump inhibition on myocellular accumulation of Tc-MIBI are also consistent with results reported from perfused rabbit hearts. 7 Any manipulation that decreases myocardial Em or A&if would be expected to inhibit the component of Tc-MIBI uptake and retention responsive to membrane potential in vivo. For example, in a reperfused dog model of myocardial ischemia, Tc-MIBI underestimated reflow compared with microspheres in regions of ischemia.9 In severe ischemia, Em and Atf would be expected to decline significantly and, therefore, result in less Tc-MIBI accumulation within the myocytes. However, previous evidence indicates that mitochondria within ischemic zones depolarize relatively slowly during the course of an ischemic insult,46'49 and therefore, zones of myocardium can continue to accumulate Tc-MIBI within intact cells and mitochondria during times of mild-to-moderate injury. This may provide an explanation for the conflicting results reported for the effect of ischemic injury in vivo on Tc-MIBI myocardial uptake. Depending on the severity of myocellular injury induced by a particular experimental protocol, Em and lA4f may or may not have declined, and therefore, that component of total Tc-MIBI uptake responsive to myocardial energetics may vary considerably between protocols. In addition, in any one patient with severe coronary artery disease, regional differences in membrane potential throughout the myocardium in response to chronic ischemia may lead to spatial inhomogeneity in the final myocardial image independent of flow. Thus, the lack of myocellular or mitochondrial sequestration of Tc-MIBI could be used as a monitor of severely (possibly irreversibly) injured myocardium.
In summary, myocellular uptake and retention of Tc-MIBI are strongly dependent on mitochondrial and plasma membrane potentials both qualitatively and quantitatively. Therefore, although Tc-MIBI has been shown to be a flow-dependent tracer, our data indicate that the agent also has properties of a viability agent. This insight may provide a framework for improved myocardial image analysis in clinical settings and indicate new uses for this class of agents as probes of tissue energetics in vivo and in vitro.
